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ABSTRACT: 26 
A microwave-assisted extraction (MAE) procedure to isolate phenolic compounds from 27 
almond skin by-products was optimized. A three-level, three-factor Box–Behnken 28 
design was used to evaluate the effect of almond skin weight, microwave power and 29 
irradiation time on total phenolic content (TPC) and antioxidant activity (DPPH). 30 
Almond skin weight was the most important parameter on the studied responses. The 31 
best extraction was achieved using 4 g, 60 s, 100 W and 60 mL of 70% (v/v) ethanol. 32 
TPC, antioxidant activity (DPPH, FRAP) and chemical composition (HPLC-DAD-ESI-33 
MS/MS) were determined by using the optimized method from 7 different almond 34 
cultivars. Successful discrimination was obtained for all cultivars by using multivariate 35 
linear discriminant analysis (LDA) suggesting the influence of cultivar type on 36 
polyphenols content and antioxidant activity. The results showed the potential of 37 
almond skin as a natural source of phenolics and the effectiveness of MAE for the 38 
reutilization of these by-products. 39 
KEYWORDS: Microwave-assisted extraction, Phenolic compounds, Almond skin, 40 
HPLC-DAD-ESI-MS/MS, Antioxidant activity, Linear discriminant analysis. 41 
42 
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INTRODUCTION 43 
Almond (Prunus amygdalus) production has increased significantly in the last 44 
years, with a worldwide production of about 1.9 million tonnes in 2012.1 Food 45 
applications of almonds such as confectionary items and bakery, snack formulations, 46 
cereals and marzipan, require the almonds without the seed coats.2 The external coating 47 
of almonds is industrially removed from hot water blanching process, with the brown 48 
skin contributing to around 6.0-8.4% of the seed weight.3 Almond skin agricultural by-49 
products are produced upon almonds processing in large amounts. Industries are forced 50 
to consider ways of treating or using these residues, since most of them are just 51 
incinerated or dumped without control causing several environmental problems or used 52 
as animal feed.4 53 
Almond skin contains 50-75% of the total phenols present in the nut, such as 54 
aldehydes and hydroxybenzoic acids, flavanones, isoflavones, flavonol glycosides, 55 
phenolic acids, flavonol aglycones, flavan-3-ols, flavonone aglycones, flavonone 56 
glycosides and lignans. Flavanol and flavonol glycosides are the most abundant 57 
phenolic compounds, and particularly epicatechin, catechin, isorhamnetin-3-O-58 
glucoside, isorhamnetin-3-O-rutinoside, kaempferol-3-O-rutinoside and naringenin-7-59 
O-glucoside.5-6 Polyphenols have been found to decrease the risk of coronary heart 60 
disease and function as anti-inflammatory agents due to their high antioxidant capacity.6 61 
These compounds can function as natural preservatives for meat products, reducing 62 
their lipid oxidation.7-8 Therefore, almond skin by-products rich in antioxidant 63 
compounds could be reused by food industries as natural additives to control the 64 
oxidative process, adding value to this residue. It is of economical and ecological 65 
significance to find and efficient method to isolate phenolic compounds from these by-66 
products. However, cultivar differences may affect almond flavonoid concentration.3 67 
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Extraction of phenolic compounds from food is one of the most important steps 68 
prior to their determination by HPLC.9 Recently, some novel extraction methods of 69 
flavonoids such as MAE were developed showing several advantages over the 70 
conventional extraction techniques such as the reduction of solvent used for extraction 71 
and energy consumption, moderately high recoveries, good reproducibility, shortened 72 
extraction time and minimal sample manipulation for extraction process.10-12 This 73 
technique has been successfully used with effectively improved flavonoids yield for the 74 
extraction of different food matrices; such as honey, peanut skins, sweet potato and 75 
maize.13-17 76 
Regarding the extraction of almond skin antioxidants, conventional extraction is 77 
usually performed at reflux by using high temperatures for several hours or maceration 78 
with solvent for days at room temperature.18-20 To our knowledge, no MAE application 79 
for the extraction of phenolic compounds from almond skin has been found in 80 
bibliography. Therefore, the objectives of this study were: (1) to optimize a new 81 
extraction procedure for the extraction of phenolic compounds in almond skin by MAE 82 
using an experimental design in terms of highest total phenolic content (TPC) and 83 
antioxidant activity (DPPH), (2) to increase the potential added-value of almond 84 
agricultural by-products, reducing costs for the food industry, and (3) to select the 85 
almond cultivar with higher antioxidant capacity as a potential antioxidant source. For 86 
this purposes, the determination of TPC, flavonoids (HPLC-UV-ESI-MS/MS) and 87 
antioxidant activity (DPPH, FRAP) were performed on seven different almond 88 
cultivars; and the presence of different categories within almond skin samples was 89 
studied using stepwise linear discriminant analysis (LDA). This characterization is an 90 
essential step for the re-utilization of these almond skin by-products. 91 
 92 
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MATERIALS AND METHODS 93 
Chemicals and Reagents. Water (ultrapure grade) and ethanol (HPLC grade) 94 
were acquired from Merck (Madrid, Spain). Quercetin, sodium carbonate, Folin–95 
Ciocalteu reagent (2 N), 2,2-diphenyl-1-picrylhydrazyl (DPPH), (±) 6-Hydroxy-2,5,7,8-96 
tetramethylchromane-2-carboxylic acid (Trolox), HPLC grade acetonitrile and methanol 97 
were supplied by Sigma-Aldrich (Madrid, Spain). All other reagents used were of 98 
analytical or chromatographic grade and were purchased from Panreac (Barcelona, 99 
Spain). Standard compounds such as (+)-catechin, (−)-epicatechin, quercetin-3-O-100 
rutinoside, kaempferol-3-O-rutinoside, isorhamnetin-3-O-glucoside, isorhamnetin-3-O-101 
rutinoside, naringenin-7-O-glucoside, naringenin and daidzein (internal standard) were 102 
purchased from Extrasynthese (Genay, France). 103 
Sample preparation. Seven almond cultivars from the 2011 harvest were 104 
selected for this study and were supplied by “Almendras Llopis” (Alicante, Spain): 105 
three Spanish (Marcona, Guara and Planeta) and four American (Butte, Colony, Carmel 106 
and Padre). The blanching process of almonds (100 g) was carried out at 95 ºC for 3 107 
min using 150 mL deionised water, to remove the skins from the kernels by hand.6 Prior 108 
to MAE extraction, the obtained skins were oven-dried for 12 h and ground with a ZM 109 
200 high speed rotary mill (Retsch, Haan, Germany) in order to increase the extraction 110 
efficiency.12 Particles passing through a 0.5 mm sieve were used to ensure the 111 
homogeneity of the residue powder. The almond skin fraction obtained was dried in an 112 
oven at 40 °C for 24 h to reduce its moisture content. 113 
Extraction procedure. Microwave-assisted extraction was carried out using a 114 
modified M1711N domestic microwave oven (Samsung M1711N, Taiwan), with a hole 115 
(18 mm diameter) in the top of the oven, at a frequency of 2,450 MHz and 800 W 116 
maximum power.21 The sample was stirred at 300 rpm during extraction using a 117 
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microwave stirrer (Bel-Art Products, Wayne, NJ). The appropriate weight of 118 
homogenized almond skin powder was placed in a 100-mL quartz flask which was 119 
connected to a vapour condenser. The system operated as an open vessel extraction 120 
system, where the solvent is heated and refluxed through the sample allowing a very 121 
efficient heating.22 Ethanol was selected as an effective extraction solvent for phenolic 122 
compounds in food samples.13, 23 Ethanol is also recommended by the US Food and 123 
Drug Administration as an environmentally non-toxic food grade organic solvent.24 124 
MAE was carried out at different extraction time and microwave power using 60 125 
mL of 70% (v/v) ethanol. The obtained extracts were centrifuged at 4500 rpm for 5 min, 126 
filtered through a 0.45 µm PVDF filter (Teknokroma, Barcelona, Spain), made up to 50 127 
mL and kept at −20 °C until analysis. 128 
Experimental Design. The extraction of phenolic compounds from almond skin 129 
was performed under different extraction conditions according to the experimental 130 
design shown in Table 1. The parameters considered during MAE optimization were 131 
almond skin weight (0.5, 2.0, 3.5 g), microwave power (100, 200, 300 W) and 132 
irradiation time (20, 40, 60 s). Butte cultivar was selected for the optimization of MAE 133 
conditions. The range of studied variables was selected based on results obtained in 134 
preliminary experiments. In this sense, at increased microwave power level of 300 W in 135 
the screening experiment, rapid heating of the extraction medium and bubbling of the 136 
substance occurred due to high cavitation; leading to the entry of the extraction medium 137 
into the condenser. A Box-Behnken design (BBD), comprising 16 experimental runs, 138 
was used and experiments were carried out in randomized order.25. The responses 139 
obtained from the experimental design were evaluated in terms of TPC and antioxidant 140 
activity (DPPH). 141 
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Regression analysis was used for the experimental data and fitted into the 142 
following empirical second-order polynomial model: 143 
Y = β0 + Σ βiXi + Σ βiiXi
2 + ΣΣ βijXiXj 144 
where Y is the predicted response, X represents the variables of the system, i and j are 145 
design variables, β0 a constant, βi the linear coefficients, βii the quadratic coefficients 146 
and βij the interaction coefficients of variables i and j. 147 
HPLC analysis of flavonoid compounds. HPLC-DAD-ESI-MS/MS analysis 148 
was performed, in triplicate, using a 1100 series HPLC system (Agilent Technologies, 149 
Waldbronn, Germany) coupled to a photodiode array UV/Vis detector and an LC/MSD 150 
Trap SL ion trap mass spectrometer (Agilent, Stuttgart, Germany) via an electrospray 151 
ionization (ESI) source. Mass spectra were recorded in the negative ionization mode 152 
(m/z 50-900).26 The electrospray chamber was operated at 3.5 kV with a drying gas 153 
temperature of 350 °C, N2 pressure and flow-rate on the nebulizer at 50 psi and 10 154 
L/min, respectively; and MS/MS collision energies set at 20 V. 155 
The column used for flavonoids separation (10 µL) was a 4.6 mm x 150 mm i.d., 156 
5 µm, Eclipse XDB-C18 (Agilent Technologies, Waldbronn, Germany) at 25 °C. The 157 
mobile phase consisted of 2% acetic acid in ultrapure water (solvent A) and 2% acetic 158 
acid in ultrapure water:acetonitrile (73:25, v/v, solvent B) at a flow rate of 1 mL/min. 159 
The linear gradient started with 0 min, 40% B; 25 min, 70% B (hold 5 min); 32 min, 160 
100% B (hold 4 min); back to 40% B (hold 5 min). UV detection of flavonoid 161 
compounds was carried out at 290 nm. The identification of the most abundant phenolic 162 
compounds was made by comparison of retention times, and UV/Vis and MS/MS 163 
spectra with those of commercially standard compounds and available literature.26 164 
Quantitation was carried out using MS/MS detector and daidzein as internal standard 165 
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(20 mg/kg). Final concentrations of flavonoids were expressed in µg/g of dry almond 166 
skin. 167 
Total Phenolic Content (TPC). The TPC of almond skin extracts was 168 
determined, in triplicate, by the Folin-Ciocalteu colorimetric method, as reported by 169 
Singleton and Rossi27, using a Biomate-3 UV/Vis spectrophotometer 170 
(Thermospectronic, Mobile, AL). Deionised water (30 mL) and Folin–Ciocalteu reagent 171 
(2.5 mL) were added to 500 µL of almond skin extract. The mixture was vortexed and 172 
incubated for 5 min. Then, 7.5 mL of 20% aqueous Na2CO3 and 10 mL of deionised 173 
water were added and mixed. The absorbance was measured at 760 nm after 90 min of 174 
incubation against deionised water as a blank. Quercetin was used as the reference 175 
standard (25–1000 mg/kg) and TPC was expressed as mg quercetin equivalent (QE)/g 176 
of dry almond skin. 177 
Determination of Antioxidant Activity. The DPPH assay was used to determine 178 
the free radical scavenging activity of almond skin extracts as described by 179 
Assimopoulou et al.29 100 µL of the almond skin ethanolic extract were mixed with 2.7 180 
mL of DPPH solution (10−4 M in ethanol). The percentage of free radicals scavenged by 181 
DPPH radical was determined at steady state (60 min) at 517 nm. 182 
The capacity of almond skin extracts to reduce ferric ions was assessed by the 183 
FRAP method.32 250 mL of acetic acid buffer (300 mM, pH 3.6), 10 mM TPTZ (2,4,6-184 
tripyridyl-s-triazine) made up in 10 mL of 40 mM HCl and 10 mL of 20 mM ferric 185 
chloride solution were mixed at 10:1:1 ratio, to make the FRAP reagent. 100 µL of the 186 
almond skin ethanolic extract were added to 4.9 mL of FRAP reagent. Measurements 187 
were performed at 593 nm after 30 min incubation at 37 ºC in darkness. Trolox was 188 
used as the reference standard (85–365 mg/kg) and the antioxidant capacity was 189 
expressed as µmol Trolox equivalent (TE)/ gram of dry almond skin. 190 
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Both methods were performed in triplicate using a Biomate-3 spectrophotometer 191 
(Thermospectronic, Mobile, AL). 192 
Statistical analysis. Statgraphics-Plus software 5.1 (Statistical Graphics, 193 
Rockville, MD) was employed to generate and analyse the results of the BBD. Graphic 194 
analysis of the principal effects and interactions between variables was used for 195 
interpretation of results. Response surface methodology (RSM) was used to determine 196 
the optimal extraction conditions. Least squares regression analysis was performed to 197 
obtain the coefficients of the quadratic polynomial model previously described. The 198 
adequacy of the fitted model was determined by evaluating the lack of fit, the 199 
coefficient of determination (R2), and F-test obtained from the analysis of variance 200 
(ANOVA). Statistical significance of model parameters was determined at the 5% 201 
probability level (α = 0.05). 202 
SPSS commercial software, ver. 15.0 (Chicago, IL) was used for statistical 203 
analysis of almond cultivars results by means of ANOVA. The Tukey test was used to 204 
determine differences between means at a p ≤ 0.05 significance level. In chemometrics 205 
data analysis, pattern recognition methods are a powerful tool in context of food quality 206 
assessment and food composition analysis.33 The presence of different categories within 207 
almond skin cultivars was studied using stepwise LDA as a multidisciplinary 208 
approach.34 209 
 210 
RESULTS AND DISCUSSION 211 
Optimization of extraction conditions. A preliminary study was performed to 212 
determine the effect of solvent volume and solvent ratio (ethanol in water) on the 213 
recovery of total phenolic content (TPC) and antioxidant activity from almond skin. It 214 
was found that 60 mL of 70% (v/v) ethanol provided the maximum TPC and DPPH 215 
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scavenging activity (data not shown). These conditions were then fixed for further 216 
optimization of extraction conditions. The selection of 70% (v/v) ethanol in water was 217 
in concordance with results obtained by other authors from the determination of natural 218 
phenols in different samples, since extraction efficiency depends on the solubility of the 219 
analytes in the extraction solvent.12, 14, 22, 25 Hughey et al.5 studied the distribution of 220 
polyphenols from almond skin in blanch water as a function of time and temperature, 221 
the intrinsic solubility of each polyphenol in water being different depending on its 222 
structure. In general, major phenolic compounds present in almond skin are sparingly 223 
soluble in hot water. As a consequence, a highest yield extraction of these compounds 224 
as the ethanol portion increases can be expected. However, the use of high ethanol 225 
contents as solvent extraction could lead to polyphenols degradation and overpressure 226 
inside the vessel due to overheating of the sample.11 In this sense, dipolar rotation and 227 
ionic conduction are simultaneously produced during MAE.26 As ethanol concentration 228 
increases, higher dielectric loss is obtained.27 As a consequence, the higher capacity of 229 
the solvent to absorb microwave energy can lead to a faster rate of solvent heating with 230 
respect to the plant material.12 231 
Regarding solvent volume, it was found that 60 mL was the more effective 232 
volume to be used with a maximum quantity of sample of 3.5 g without the formation of 233 
almond skin aggregates in the quartz flask during extraction. In this sense, extraction 234 
solvent efficiently absorbs microwave energy and leads to enhance swelling of food 235 
material, which is favourable to increase the contact surface area between phases.12 236 
However, a high volume of solvent could decrease the microwave adsorption of 237 
material, because more energy was absorbed by the solvent. In this case, the breaking of 238 
cell wall material and mass transmission might negatively influence and decrease the 239 
phenolics extraction and antioxidant capacity.28 240 
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There are different factors which can affect the extraction efficiency of MAE; 241 
such as microwave power, type and composition of solvent, extraction time, particle 242 
size of sample, solvent to solid ratio, soaking time, and extraction cycles.35 The present 243 
study evaluates some of these variables by using a Box–Behnken experimental design. 244 
Butte almond skin was used for the experimental design and method optimization 245 
assays. The experimental data obtained in terms of TPC and DPPH scavenging activity 246 
are presented in Table 1. A statistical analysis of results was performed to estimate the 247 
statistical significance of the factors and interactions between them that had the greatest 248 
effect on obtaining extracts with high yield of TPC and antioxidant capacity (Figure 1). 249 
Among the studied factors, the almond skin weight had the greatest influence on the 250 
studied responses, showing a positive effect. 251 
The rest of investigated parameters had no significant impact on the studied 252 
responses. Regarding magnetron power, the increasing microwave energy can favour 253 
the penetration of solvent into the food matrix and offer a rapid transfer of energy to the 254 
solvent and matrix, increasing temperature and allowing the dissolution of compounds 255 
to be extracted with an increase in the phenolics extraction yield.26 However, a negative 256 
effect with increasing microwave irradiation energy could be observed by thermal 257 
degradation of antioxidant compounds and overpressure inside the vessel due to an 258 
increase in the extraction temperature.12 Higher temperatures can also reduce extraction 259 
selectivity as matrix materials and non-desired compounds can also be extracted. 260 
Microwave power is strongly dependant on time and extraction temperature. In this 261 
sense, the increase in microwave power and extraction temperature causes the rapid cell 262 
rupture increasing the amount of impurities in extracts which can affect antioxidant 263 
activity. Furthermore, longer exposure with low or moderate power is considered a 264 
wiser choice since it results in better purity of the obtained extracts.11 Regarding 265 
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irradiation time, this parameter generally has a positive influence on the TPC 266 
response.12 This behaviour can be explained by considering that the thermal 267 
accumulation within extraction solution due to the absorption of microwave energy 268 
promotes the dissolution process of phenolic compounds into the solution.26 In the 269 
present work, the extraction temperature rose to 47 ± 4 ºC by using the lower studied 270 
power (100 W) and maximum time (60 s). Then, the combination of a low microwave 271 
power and short extraction times could lead to moderate high temperatures which could 272 
be considered able to extract almond skin antioxidant compounds with high antioxidant 273 
activity. 274 
The mathematical models obtained for both studied responses by applying 275 
multiple regression analysis on the experimental data were expressed by the following 276 
equations: 277 
TPC = 45.10 + 32.70 A - 1.73 B + 1.55 C - 4.41 AB - 1.16 AC + 0.07 BC - 0.69 A2 + 278 
1.99 B2 + 3.65 C2 279 
DPPH = 48.57 + 30.045 A + 1.87 B + 0.34 C - 1.84 AB + 1.63 BC - 2.92 AC - 6.35 A2 280 
+ 1.71 B2 + 0.36 C2 281 
where A, B and C are the coded variables for almond skin weight, microwave power 282 
and irradiation time, respectively. 283 
The computing program showed that the two fitted models were considered 284 
satisfactory as the lack of fit was not significant (p > 0.05). R2 is defined as the ratio of 285 
the explained variation to the total variation and is a measurement of the degree of 286 
fitness.14 The model can fit well with the actual data when R2 approaches unity. The R2 287 
values obtained for TPC and DPPH were 0.9835 and 0.9691, respectively. These values 288 
indicated a relatively high degree of correlation between the actual data and predicted 289 
values; indicating that both models could be used to predict the studied responses. 290 
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Optimal conditions found by prediction of computing program to obtain highest 291 
TPC and DPPH values of 89.2 mg CE and 78.4%, respectively; were determined as 292 
follows: Almond skin weight, 3.5 g; microwave power, 100 W; extraction time, 60 s. As 293 
the AS weight clearly had a strong significant positive effect, this value was increased 294 
until 4 g. The values obtained for TPC and DPPH scavenging after extraction of almond 295 
skin under these optimal conditions, in triplicate, were 54 ± 2 mg QE/g almond skin and 296 
90 ± 1%, respectively. As a result, for the extraction of phenolic compounds from 297 
almond skin, the best selected extraction conditions were: 100 W, 60 s, 4 g and 60 mL 298 
of 70% ethanol. 299 
MAE can be considered a rapid technique showing several advantages compared 300 
to conventional extraction methods which are time-consuming, eventually lead to 301 
thermal degradation of antioxidant compounds and usually require higher quantity of 302 
organic solvents, raising process costs and reducing the environmental sustainability. 303 
For example, almond skin was extracted during 24 h at 40 ºC by using 70% of aqueous 304 
organic solvent (methanol, acetone or acetonitrile) by Tsujita et al.36. Also, Hughey et 305 
al.5 extracted almond skin antioxidant compounds during 24 h at 37 ºC by using 50% 306 
water:methanol with 3.5% (v/v) acetic acid. Finally, Monagas et al.20 extracted 307 
antioxidant compounds from almond skin with 80% (v/v) acetone at a solid to solvent 308 
ratio of 1:10 (w/v) during 30 min at 50 ºC. 309 
Analysis of flavonoid compounds in almond skin cultivars. An adequate 310 
separation and good resolution of compounds were obtained for identification and 311 
quantitation (Figure 2). According to the unsaturation and oxidation degrees of the 312 
three-carbon segment, various families of flavonoids can be distinguished such as 313 
flavanones, flavonols, flavones, isoflavones and anthocyanidins.9 Peaks 1 and 2 showed 314 
a [M-H]- at m/z 289 and characteristic MS/MS ions at m/z at 245, 205, and 179, 315 
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respectively; and they were identified as two flavan-3-ols: (+)-catechin and (−)-316 
epicatechin, respectively. Peaks 3, 4, 5, 6 and 7 were identified as five glycosidic 317 
compounds: quercetin-3-O-rutinoside (m/z 609 with MS/MS fragment at m/z 300), 318 
kaempferol-3-O-rutinoside (m/z 593 with MS/MS fragment at m/z 285), naringenin-7-319 
O-glucoside (m/z 433) with MS/MS fragment at m/z 271, isorhamnetin-3-O-rutinoside 320 
(m/z 623 with MS/MS fragment at m/z 315) and isorhamnetin-3-O-glucoside (m/z 477 321 
with MS/MS fragment at m/z 315); respectively. The isoflavone daidzein at m/z 253, 322 
with MS/MS fragments at m/z 224 and 135, which was used as internal standard, was 323 
identified at peak 8. Finally, peak 9 was identified as the flavanone aglycone naringenin 324 
(m/z 271) with MS/MS fragments at m/z 177 and 151. The compounds identified in this 325 
work are in agreement with published literature determining the phenolic profile of 326 
almond skin.5, 18 327 
Table 2 summarizes the individual flavonoids content found in the studied 328 
almond skin cultivar extracts. Significant differences were obtained among almond skin 329 
cultivars regarding their flavonoid profiles. Flavonoids are products of the shikimate 330 
pathway from acetate and phenylalanine in plants. The genetic variation in the 331 
shikimate pathway of almond cultivars is likely responsible for the different flavonoid 332 
profiles between cultivars.18 For epicatechin, isorhamnetin-3-O-glucoside, kaempferol-333 
3-O-rutinoside and isorhamnetin-3-O-rutinoside, Guara skin showed the highest content 334 
compared to the rest of the studied cultivars. On the other hand, catechin, naringenin-7-335 
O-glucoside, quercetin-3-O-rutinoside and naringenin were quantified at higher 336 
amounts in Planeta skin. 337 
As it has been previously reported, during blanching process the blanch water will 338 
increase in polyphenols, while blanched almond skins will decrease in phenolic 339 
content.5, 13 The results obtained in this work from the quantitation of flavonoid 340 
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compounds are in agreement with those found by Hughey et al.5 As the number of –OH 341 
functional groups decreases in the molecule a higher hydrophobic character and lower 342 
solubility in boiling water of the phenolic compound are obtained. As a result, these 343 
compounds may present more affinity for an organic phase such as ethanol during MAE 344 
extraction.28 Thus, isorhamnetin-3-O-rutinoside, kaempferol-3-O-rutinose, 345 
isorhamnetin-3-O-glucoside and quercetin-3-O-rutinoside, with more than seven –OH 346 
groups present in their molecules, were quantified in higher amounts in almond skin 347 
cultivars; followed by catechin, epicatechin and naringenin-7-O-glucoside with only 348 
five –OH groups. Finally, naringenin was quantified at the lower amount with only 349 
three –OH groups in its molecule. Hughey et al.5 also reported a lower concentration of 350 
naringenin in almond skins after blanching. Bolling et al.37 found the highest and lowest 351 
quantities for isorhamnetin-3-O-rutinoside and quercetin-3-O-rutinoside, respectively, 352 
in different almond skin cultivars. Similar results were reported also by Mandalari et al.4 353 
after lipid removal by almond skin extraction with n-hexane and further extraction by 354 
sonication. Finally, Garrido et al.3 reported similar results for the flavonoids quantified 355 
in the present work when analyzing almond skin mixtures of Spanish and American 356 
cultivars subjected to blanching. 357 
Analysis of total flavonoids, TPC and antioxidant activity in almond skin 358 
cultivars. The total flavonoids content quantified by HPLC-ESI-MS/MS, TPC results 359 
and radical scavenging activity by DPPH and reducing power by FRAP are shown in 360 
Table 3 for all almond skin cultivar extracts. Guara skin showed the highest total 361 
flavonoids content (1162 µg/g almond skin), TPC (119 mg QE/g almond skin) and 362 
FRAP (556 µmol TE/g almond skin) values. Padre, Butte and Colony cultivars followed 363 
Guara for total flavonoids content, and, finally, Planeta, Carmel, and Marcona. 364 
Regarding TPC results, Guara was followed by Planeta, Colony and Carmel and, 365 
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finally, Marcona, Padre and Butte. For FRAP, Guara and Marcona did not show 366 
statistical differences, with highest antioxidant activity, followed by Padre, Planeta, 367 
Carmel, Butte and, finally, Colony. These results are in accordance with those found in 368 
a previous work in which an exhaustive study of the phenolic composition of almond 369 
skin was carried out to evaluate their potential application as a functional food 370 
ingredient.38 In this study, TPC and radical scavenging activity results were 371 
significantly higher for the almond skin mixture of Spanish varieties than for the 372 
American ones. Similar results were also obtained in a previous work in which the 373 
polyphenol content and antioxidant activity of seven different almond skin cultivars 374 
harvested over three seasons in California were studied.18 From this work, it was 375 
concluded that cultivar had a differential impact on individual polyphenol synthesis, 376 
flavonoid content and antioxidant activity of almonds. Regarding DPPH results, a high 377 
radical scavenging activity (> 90%) was obtained for all studied cultivars, although no 378 
significant differences were obtained among them (p>0.05). 379 
The total flavonoids content found in the present study, which ranged from 46-380 
116.2 mg/100g of almond skin, is higher than the mean value reported for almonds in 381 
the USDA flavonoid content database (15.24 mg/100g almonds), which is based on data 382 
from the Food Composition Nutrient Data Laboratory of the USDA.39 These data were 383 
obtained using extracts from whole almonds, whereas in the present study the skin was 384 
analysed, which accounts for 78–98% of the flavonoid content from whole almonds.19, 385 
39, 40 On the other hand, differences found in the absolute amount of recovered 386 
polyphenols, flavonoid content, and TPC and FRAP results obtained from almond skins 387 
between studies may arise from the use of different methods of extraction and 388 
analysis.18, 40 389 
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The obtained results clearly showed the efficiency of the optimized MAE method 390 
and the high antioxidant potential of almond skin extracts as natural antioxidant 391 
sources; Guara skin showing the highest TPC and flavonoids content. Therefore, it 392 
could be concluded that MAE could be considered a potential alternative to 393 
conventional extraction methods for the isolation of phenolic compounds from almond 394 
skin. 395 
Multivariate analysis. LDA was applied as a multidisciplinary approach by 396 
inserting together all parameters obtained from the determination of TPC, antioxidant 397 
activity by FRAP and individual flavonoid contents quantified by HPLC-ESI-MS/MS 398 
as predictors; evaluating the capability of the complete model to discriminate samples 399 
according to the cultivar. The results obtained for DPPH from almond skin cultivars 400 
were not included in the LDA since no significant differences were obtained among 401 
samples (Table 3). As a result, 100% of samples were correctly classified obtaining a λw 402 
=0.175, with a good resolution among categories. 403 
Six discriminant functions were obtained, using the variable selection rule for 404 
minimizing Wilk’s lambda, which account the 61.5, 26.6, 8.1, 3.1, 0.5 and 0.6% of the 405 
total variance, respectively. Projections of cultivars scores on the first two determined 406 
discriminant functions are shown in Figure 3, where cultivars appear associated, 407 
suggesting seven groups. The first discriminant function showed differences in the 408 
discriminant space among the almond skin cultivars. This function was positively 409 
affected by TPC; isorhmanetin-3-O-rutinoside, kaempferol-3-O-rutinoside and 410 
isorhamnetin-3-O-glucoside contents. On the other hand, FRAP; quercetin-3-O-411 
rutinoside, naringenin-7-O-glucoside, naringenin, catechin and epicatechin predictors 412 
negatively affected function 1. Regarding the second discriminant function, it was more 413 
affected by TPC; naringenin-7-O-glucoside and isorhamnetin-3-O-glucoside contents 414 
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whereas the rest of predictors had a negative influence on it. As a result, the application 415 
of the multidisciplinary approach revealed the potential of the obtained model for the 416 
discrimination and classification of almond skin cultivars according to the results 417 
obtained for TPC, antioxidant capacity (FRAP) and individual flavonoids content 418 
(HPLC-ESI-MS/MS). Similarly, Bolling et al.18 found that canonical discriminant 419 
analysis of polyphenols content and antioxidant activity (FRAP) could distinguish 420 
almonds from different cultivars harvested in different seasons with 80% confidence. 421 
Also, in a previous work, we found that a multidisciplinary LDA approach of structural 422 
(FTIR) and thermal parameters (DSC, TGA) could successfully classify and 423 
discriminate three different almond cultivars.34 The obtained results revealed the 424 
suitability of the studied techniques combined with LDA for a fast discrimination 425 
among different almond skin cultivar residues in food processing. 426 
 427 
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SUPPORTING INFORMATION 435 
The ANOVA obtained for TPC and DPPH responses is summarized in Table S1. This 436 
material is available free of charge via the Internet at http://pubs.acs.org. 437 
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REFERENCES 439 
(1) Food and Agriculture Organization of the United Nations, Statistics Division 440 
(FAOSTAT). http://faostat.fao.org (Last accessed 11 June 2014). 441 
(2) Esfahlan, A. J.; Jamei, R.; Esfahlan, J., R. The importance of almond (Prunus 442 
amygdalus L.) and its by-products. Food Chem. 2010, 120: 349–360. 443 
(3) Garrido I.; Monagas M.; Gómez-Cordovés C.; Bartolomé B. Polyphenols and 444 
antioxidant properties of almond skins: Influence of industrial processing. J. Food Sci. 445 
2008, 73: 106-115. 446 
(4) Mandalari, G.; Tomaino, A.; Arcoraci, T.; Martorana, M.; Lo Turco, V.; Cacciola, 447 
F.; Rich, G. T.; Bisignano, C.; Saija, A.; Dugo, P.; Cross, K. L.; Parker, M. L.; Waldron, 448 
K. W.; Wickham, M. S. J. Characterization of polyphenols, lipids and dietary fibre from 449 
almond skins (Amygdalus communis L.). J. Food Comp. Anal. 2010, 23: 166-174. 450 
(5) Hughey, C. A.; Janusziewicz, R.; Minardi, C. S.; Phung, J.; Huffman, B. A.; Reyes, 451 
L.; Wilcox, B. E.; Prakash, A. Distribution of almond polyphenols in blanch water and 452 
skins as a function of blanching time and temperature. Food Chem. 2012, 131: 1165-453 
1173. 454 
(6) Chen, C.; Lapsley, K.; Blumberg, J. B. A nutrition and health perspective on 455 
almonds. J. Sci. Food. Agric. 2006, 86: 2245–2250. 456 
(7) Teets, A. S.; Were, L. M. Inhibition of lipid oxidation in refrigerated and frozen 457 
salted raw minced chicken breasts with electron beam irradiated almond skin powder. 458 
Meat Sci. 2008, 80: 1326–1332. 459 
Page 19 of 30
ACS Paragon Plus Environment
Journal of Agricultural and Food Chemistry
 20
(8) Teets, A. S. Sundararaman, M.; Were, L. M. Electron beam irradiated almond skin 460 
powder inhibition of lipid oxidation in cooked salted ground chicken breast. Food 461 
Chem. 2008, 111: 934–941. 462 
(9) Biesaga, M. Influence of extraction methods on stability of flavonoids. J. 463 
Chromatogr. A. 2011, 1218: 2505-2512. 464 
(10) Vagiri, M.; Ekholm, A.; Andersson, S. C.; Johansson, E.; Rumpunen, K. An 465 
optimized method for analysis of phenolic compounds in buds, leaves, and fruits of 466 
black currant (Ribes nigrum L.). J. Agric. Food Chem. 2012, 60: 10501−10510. 467 
(11) Elez, I. G.; Dragović-Uzelac, V.; Režek, A. J.; Jukić, A. The effect of microwave 468 
assisted extraction on the isolation of anthocyanins and phenolic acids from sour cherry 469 
Marasca (Prunus cerasus var. Marasca). J. Food Eng. 2013, 117: 437–442. 470 
(12) Routray, W.; Orsat, V. Microwave-assisted extraction of flavonoids: a review. 471 
Food Bioprocess Tech. 2012, 5: 409-424. 472 
(13) Biesaga, M.; Pyrzynska, K. Stability of bioactive polyphenols from honey during 473 
different extraction methods. Food Chem. 2013, 136: 46-54. 474 
(14) Song, J.; Li, D.; Liu, C.; Zhang, Y. Optimized microwave-assisted extraction of 475 
total phenolics (TP) from Ipomoea batatas leaves and its antioxidant activity. Innov. 476 
Food Sci. Emerg. Technol. 2011, 12: 282-287. 477 
(15) Ballard, T. S.; Mallikarjunan, P.; Zhou, K.; O´Keefe, S. Microwave-assisted 478 
extraction of phenolic antioxidant compounds from peanut skins. Food Chem. 2010, 479 
120: 1185-1192. 480 
(16) Gupta, A.; Naraniwal, M.; Kothari, V. Modern extraction methods for preparation 481 
of bioactive plant extracts. Int. J. Appl. Nat. Sci. 2012, 1: 8-26. 482 
(17) Gil-Chávez, G. J.; Villa, J. A.; Ayala-Zavala, J. F.; Heredia, J. B.; Sepúlveda, D.; 483 
Yahia, E. M.; González-Aguilar, G. A. Technologies for extraction and production of 484 
Page 20 of 30
ACS Paragon Plus Environment
Journal of Agricultural and Food Chemistry
 21
bioactive compounds to be used as nutraceuticals and food ingredients: an overview. 485 
Compr. Rev. Food Sci. F., 2013, 12: 5-23. 486 
(18) Bolling, B. W.; Dolnikowski, G.; Blumberga, J. B.; Chena, C.-Y.O. Polyphenol 487 
content and antioxidant activity of California almonds depend on cultivar and harvest 488 
year. Food Chem., 2010, 122: 819-825. 489 
(19) Milbury, P. E.; Chen, C.-Y.C.; Dolnikowski, G. G.; Blumberg, J. B. Determination 490 
of flavonoids and phenolics and their distribution in almonds. J. Agric. Food Chem., 491 
2006, 54: 5027-5033. 492 
(20) Monagas, M.; Garrido, I.; Lebrón-Aguilar, R.; Gómez-Cordovés, C.M.; Rybarczyk, 493 
A.; Amarowicz, R.; Bartolomé, B. Comparative flavan-3-ol profile and antioxidant 494 
capacity of roasted peanut, hazelnut, and almond skins. J. Agric. Food Chem. 2009, 57: 495 
10590-10599. 496 
(21) Vidal, L.; Domini, C. E.; Grané, N.; Psillakis, E.; Canals, A. Microwave-assisted 497 
headspace single-drop microextration of chlorobenzenes from water samples. Anal. 498 
Chim. Acta. 2007, 592: 9-15. 499 
(22) Švarc-Gajić, J.; Stojanović, Z.; Segura, A. C.; Arraez, D. R.; Borrás, I.; Vasiljević, 500 
I. Development of a microwave-assisted extraction for the analysis of phenolic 501 
compounds from Rosmarinus officinalis.. J. Food Eng., 2013, 119: 525–532. 502 
(23) Harrison, K.; Were, L. M. Effect of gamma irradiation on total phenolic content 503 
yield and antioxidant capacity of almond skin extracts. Food Chem., 2007, 102: 932-504 
937. 505 
(24) Kamran Khan.; M., E-Huma, Z.; Dangles, O. A comprehensive review on 506 
flavanones, the major citrus polyphenols. J. Food Comp. Anal., 2014, 33: 85-104. 507 
(25) Douglas C. Montgomery. Design and analysis of experiments, John Wiley & Sons, 508 
New Jersey, 2009. 509 
Page 21 of 30
ACS Paragon Plus Environment
Journal of Agricultural and Food Chemistry
 22
(26) Hughey, C. A.; Wilcox, B.; Minardi, C. S.; Takehara, C. W.; Sundararaman, M.; 510 
Were, L. M. Capillary liquid chromatography–mass spectrometry for the rapid 511 
identification and quantification of almond flavonoids. J. Chromatogr. A. 2008, 1192: 512 
259-265. 513 
(27) Singleton, V. L.; Rossi, J. A. Colorimetry of total phenolics with 514 
phosphomolybdic-phosphotungstic acid reagent, Am. J. Enol. Viticult. 1965, 16:147.  515 
(28) Krishnaswamy, K.; Orsat, V.; Gariépy, Y.; Thangavel, K. Optimization of 516 
microwave-assisted extraction of phenolic antioxidants from grape seeds (Vitis 517 
vinifera). Food Bioprocess Tech. 2013, 6: 441–455. 518 
(29) Assimopoulou A. N.; Sinakos, Z.; Papageorgiou V. P. Radical scavenging activity 519 
of crocus sativus L. extract and its bioactive constituents. Phytother. Res. 2005, 19 : 520 
997–1000. 521 
(30) Molyneux, P. The use of the stable free radical diphenylpicrylhydrazyl (DPPH) for 522 
estimating antioxidant. J. Sci. Tech. 2004, 26: 211-219. 523 
(31) Mishra, K., Ojha, H., Chaudhury, N. K. Estimation of antiradical properties of 524 
antioxidants using DPPH assay: A critical review and results. Food Chem. 2012, 130: 525 
1036-1043. 526 
(32) Farhat, M. B.; Landoulsi, A.; Chaouch-Hamada, R.; Sotomayor, J.; Jordán, M. 527 
Characterization and quantification of phenolic compounds andantioxidant properties of 528 
Salvia species growing in different habitats. Ind. Crop. Prod. 2013, 49: 904– 914. 529 
(33) Luiza, A.; Rodrigues, L.; Aráujo, F.; Coelho, M. J.; Bezerra, L. A. Classification of 530 
cereal bars using near infrared spectroscopy and linear discriminant analysis. Food Res. 531 
Inter., 2013, 51: 924–928. 532 
Page 22 of 30
ACS Paragon Plus Environment
Journal of Agricultural and Food Chemistry
 23
(34) Valdés, A.; Beltrán, A.; Garrigós, M. C. Characterization and classification of 533 
almond cultivars by using spectroscopic and thermal techniques. J. Food Sci., 2013, 78: 534 
C138-C144. 535 
(35) Hayat, K.; Hussain, S.; Abbas, S.; Farooq, U.; Ding, B.; Xia, S.; Jia, C.; Zhang, X.; 536 
Xia, W. Optimized microwave-assisted extraction of phenolic acids from citrus 537 
mandarin peels and evaluation of antioxidant activity in vitro. Sep. Purif. Technol. 2009, 538 
70: 63–70. 539 
(36) Tsujita, T.; Shintani, T.; Sato, H. α-Amylase inhibitory activity from nut seed skin 540 
polyphenols. 1. Purification and characterization of almond seed skin polyphenols. J. 541 
Agric. Food Chem. 2013, 61: 4570-4576. 542 
(37) Bolling, B.; Blumberg, J.; Chen, C.Y. The influence of roasting, pasteurisation, and 543 
storage on the polyphenol content and antioxidant capacity of California almond skins. 544 
Food Chem. 2010, 123: 1040–1047. 545 
(38) Monagas, M.; Garrido, I.; Lebrón-Aguilar, R.; Bartolome, B.; Gómez-Cordovés 546 
C.Almond (Prunus dulcis (Mill.) D.A. Webb) skins as a potential source of bioactive 547 
polyphenols. J. Agric. Food Chem. 2007, 55: 8498-507. 548 
(39) Harnly, J. M.; Doherty, R. F.; Beecher, G. R.; Holden, J. M.; Haytowitz, D. B.; 549 
Bhagwat, S., et al. Flavonoid content of US fruits, vegetables, and nuts. J. Agric. Food 550 
Chem., 2006, 54: 9966–9977. 551 
(40) Bolling, B.; Dolnikowski, G. G.; Blumberg, J.; Chen, C. Y. Quantification of 552 
almond skin polyphenols by liquid chromatography–mass spectrometry. J. Food Sci., 553 
2009, 74: C326–C332. 554 
Page 23 of 30
ACS Paragon Plus Environment
Journal of Agricultural and Food Chemistry
 24
FIGURE CAPTIONS 
Figure 1. Pareto charts of factors and interactions obtained from the Box-Behnken 
design for each response: TPC (mg QE/g almond skin) and DPPH scavenging (%). The 
vertical line indicates the statistical significance at 5% of the effects. 
Figure 2. Extracted ion chromatograms of flavonoid standards obtained from [M−H]− 
ion by HPLC-ESI-MS/MS analysis (50 mg/Kg). 
Figure 3. Projections of almond skincultivar scores on the space determined by the two 
first discriminant functions obtained by the multidisciplinary approach. 
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1 0.5 100 40 15.3 13.4 
2 3.5 100 40 86.4 77.3 
3 0.5 300 40 15.3 14.2 
4 3.5 300 40 68.7 70.7 
5 0.5 200 20 12.7 11.5 
6 3.5 200 20 83.5 77.3 
7 0.5 200 60 15.0 13.7 
8 3.5 200 60 81.2 67.8 
8 2.0 100 20 46.8 44.6 
10 2.0 300 20 48.5 51.7 
11 2.0 100 60 52.8 46.3 
12 2.0 300 60 54.9 60.0 
13 2.0 200 40 49.7 53.1 
14 2.0 200 40 42.7 43.6 
15 2.0 200 40 40.7 43.1 
16 2.0 200 40 47.3 54.5 
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0.9 a 1.6 ± 0.7 a 14.1 ± 2.5a 
383.8 ± 














































2.4 a 32.9 ± 7.6d 27.2 ± 5.4ab 
756.5 ± 








0.4 a 95.3 ± 11.4 c 2.2 ± 0.1c 
495.6 ± 









10.1 b 14.6 ± 2.0a 
671.6 ± 
6.8b nd 35.2 ± 1.8ab 
15.8 ± 
3.1a 
Mean ± SD (n = 3). Different superscripts within the same column indicate statistically 555 
significant different values (p < 0.05) as obtained by Tukey´s test application. 556 
 557 










(µmol TE/g skin) 
Marcona 460 ± 31a 66 ± 1a 93 ± 4a 553 ± 8a 
Guara 1162 ± 22b 119 ± 7b 92 ± 1a 556 ± 12a 
Planeta 688 ± 20ac 95 ± 3c 93 ± 4 a 416 ± 38bc 
Butte 900 ± 21bc 54 ± 2d 90 ± 1 a 382 ± 35c 
Colony 879 ± 32bc 84 ± 8e 93 ± 2 a 369 ± 50c 
Carmel 653 ± 28ac 80 ± 3e 93 ± 3 a 390 ± 7c 
Padre 966 ± 25bc 62 ± 1a 92 ± 5 a 480 ± 14ab 
Mean ± SD, n = 3. Different superscripts within the same column indicate statistically 
significant different values (p < 0.05) as obtained by Tukey's test application.
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